Introduction
Effciency enhancements exceeding Shockley-Queisser limit of single junction solar cells [1] are possible in an intermediate band solar cell (IBSC) [2] , which incorporates a 3-dimensional quantum dot (QD) superlattice in the active region of a p-i-n junction structure [3] . The presence of IB leads to generation of a net electron-hole pair when two sub-bandgap photons are absorbed (Fig. 1) . One photon pumps an electron from the valence band (VB) to IB, while a second photon pumps an electron from the IB to conduction band (CB). These electron-hole pairs add to those produced by band-to-band transitions with photons above the bandgap energy E G that excite electrons directly from VB to CB. In an IBSC, IB should ideally be half-filled with electrons [4] , that is, the Fermi level should be located within IB as schematically shown in Fig. 1 . If IB is not partially filled, pumping the second electron would only occur at a small rate. Then the open-circuit voltage would be limited by the potential difference between VB and position of IB rather than that of CB.
Experimental challenges to demonstrate IBSCs require fabrication of a close-packed 3-dimensional QD superlattice. The most popular fabrication technique of QDs to date is to take advantage of spontaneous self-assembly or self-organization mechanism of coherent 3D islanding during epitaxy, known as Stranski-Krastanov (S-K) growth mode, in lattice-mismatched epitaxy. However, S-K growth in commonly studied InAs/GaAs system results in a degradation of QD structure and generation of misfit dislocations, typically after ~ 10 layers of stacking, as a result of accumulation of lattice strain beyond the critical thickness [5, 6] .
Previously, our group reported the first QD solar cell with up to 30 stacked InAs/AlGaInAs QD layers fabricated on InP (311)B substrate by using strain compensation technique [7] . Here compressive strain locally induced around QDs is compensated by tensile strain produced by the spacer layer. As a consequence, the size dispersion of InAs QDs improved to ~ 12% [8] . Recently, strain-compensation technique is applied to demonstrate multi-stacked QDSCs with InAs/GaP [9] , In(Ga)As/GaAsP [10] , and InAs/GaAs Sb [11] . Our research currently focuses on InAs/GaNAs strain-compensated QDSCs [12] [13] [14] , and some recent results will be reviewed.
Application of Strain-Compensated QD Superlattice to Intermediate Band Solar Cell
We fabricated multi-stacked InAs/GaNAs QDSCs on n + -GaAs (001) substrate as shown in Fig. 2 . An InAs QD layer with 2.0 monolayers (MLs) thickness and a 20 nm-thick GaN 0.01 As 0.99 strain-compensating layer (SCL) were consecutively grown in pair up to 50 layers and QD region was placed in the center of intrinsic region. The total thickness of intrinsic layer was set to 1.0 μm for each cell in order to make the built-in electric field to be constant at ~13.6 kV/cm [15] . For solar cell characterization, Ti/Pt/Au alloy was used for the top contact and AuGeNi/Au for the bottom, and SiO 2 anti-reflection coating (ARC) was used in 3 × 3 mm 2 -sized solar cells. First, Fig. 3(a) shows the AFM image of the topmost QD layer in 100 layer-stacked InAs/GaN 0.01 As 0.99 QD reference sample. The average QD diameter, height, size uniformity in diameter, and in-plane density are 29.6 nm, 5.4 nm, 10.2 %, and 4.2×10 10 cm -2 , respectively. Fig. 3 (b) shows the whole cross-sectional STEM image, and (c) is the middle portion of 100 layer stacked sample, respectively. In Fig. 3(b) and (c), QD shape and size are homogeneous throughout the layers. As a result, the total density of QDs amounts to as high as 4.2 × 10 12 cm -2 . Figure 4 plot the projected current-voltage curves measured for each QDSC and that for GaAs reference cell. We note that the short-circuit current density I sc increases from I sc = 21.0 to 26.4 mA/cm 2 as the number of stacks is increased from 20 to 50 layers, respectively. Further, filtered I sc above the bandedge of GaAs (~880 nm) is 6.29 mA/cm 2 for 50 layer QDSC, and contribution solely from InAs QDs, i.e. above wavelength of 1000 nm, is 1.49 mA/cm 2 , respectively. On the other hand, the open-circuit voltage (V oc ) drops by incorporating QDs in the intrinsic region. However, the fill factor (FF) for each QDSC sample is almost the same and ~ 0.70. Also increasing the number of stacks does not affect the diode factor of QDSC and n ~1.6, which therefore indicate that a good heterostructure quality has been maintained even after 50 stacks.
However, we found in a separate experiment that total absorption by QD superlattice is still small, on the order of 10%, even for 100 layer-stacked samples [15] . These results indicate that light absorption from InAs QDs is still not sufficient in our current cell. More stacked QD layers as well as some method of photon management are promising to increase light absorption from the VB to quantized states in QD, or IB. There is still a large mismatch between the rates of excitation of carriers from the VB into IB, and from IB into CB in our current cell structure.
Summary
Compensating for strain induced by a QD layer by using a spacer layer that exerts an opposite biaxial strain in strain-compensation growth works remarkably well to achieve good size uniformity and QD array structure. In order for QDs to be applied to IBSCs, the barrier thickness of < ~ 10nm and QD size homogeneity of < ~ 10% are required for the formation of 3D-QD superlattice so that resultant intermediate bands (minibands) can be used to generate additional photocurrents and hence higher efficiencies. 
